We study the effect of multiple soft gluon radiation on the kinematical distributions of the tchannel single top quark production at the LHC. By applying the transverse momentum dependent factorization formalism, large logarithms (of the ratio of large invariant mass Q and small total transverse momentum q ⊥ of the single-top plus one-jet final state system) are resummed to all orders in the expansion of the strong interaction coupling at the accuracy of next-to-leading logarithm, including the complete next-to-leading order corrections. We show that the main difference from PYTHIA prediction lies on the inclusion of the exact color coherence effect between the initial and final states in our resummation calculation, which becomes more important when the final state jet is required to be in the forward region. We further propose a new experimental observable φ * to test the effect of multiple gluon radiation in the single-top events. The effect of bottom quark mass is also discussed.
Introduction:
The top quark is the heaviest particle of the Standard Model (SM) of elementary particle physics, with its mass around the electroweak symmetry breaking scale. It is believed that studying its detailed interactions could shed light on possible New Physics beyond the SM. Furthermore, the lifetime of the top quark is much smaller than the typical hadronization time scale, so that one can also determine the properties (including polarization) of this heavy bare quark, produced from various scattering processes, by studying the kinematical distributions of the top quark and its decay particles. Top quarks are predominantly produced in pairs through gluon fusion process, via strong interaction, at the CERN Large Hadron Collider (LHC). It can also be produced singly via charged-current electroweak interaction, involving a W tb coupling [1] [2] [3] [4] , which offers a promising way to precisely study the W tb coupling and the V tb Cabibbo-Kobayashi-Maskawa (CKM) matrix element.
To test the W tb coupling of the top quark from measuring the production rate of single-top events, one has to be able to precisely predict the detection efficiency of the events after imposing needed kinematic cuts. Hence, higher order calculations are required. The single top quark production and decay in hadron collision at the next-to-leading order (NLO) and next-to-next-to-leading order (NNLO) accuracy in QCD correction have been discussed widely. To go beyond the fixed-order calculations, the threshold resummation technique has applied to improve the prediction on the single-top inclusive production rate at the next-to-leading-logarithm (NLL) and next-to-next-to-leading-logarithm (NNLL) accuracy.
(See Ref. [5] , and the references therein).
In this Letter, we focus on improving the prediction on the kinematical distributions of t-channel single top events, by applying the transverse momentum resummation formalism to sum over large logarithms ln(Q 2 /q 2 ⊥ ), with Q q ⊥ , to all orders in the expansion of the strong interaction coupling at the NLO-NLL accuracy, where Q and q ⊥ are the invariant mass Q and total transverse momentum q ⊥ of the single-top plus one-jet final state system, respectively. We adopt the q ⊥ resummation formalism based on the transverse momentum dependent (TMD) factorization formalism [6] , which has been widely discussed in the literature to resum this sort of large logarithms in the color singlet processes, such as the Drell-Yan pair production [7, 8] . The application of the q ⊥ resummation formalism for processes with more complicated color structures, such as heavy quark production, was firstly discussed in Refs. [9] [10] [11] . For processes involving massless jets in the final state, the q ⊥ resummation formalism needs to be further modified to take into account the color coherence effect induced by the presence of the light (quark and gluon) jets in the final state [12] [13] [14] [15] [16] [17] . The extra soft gluon radiations in the event could be either within or outside the observed finalstate jet cone. Within the jet cone, the radiated gluon is treated as collinear to the final state parton, and it leads to a contribution to the bin of q ⊥ = 0. This contribution can be factorized out as a jet function based on the TMD resummation formalism [14] . When outside of observed final-state jet cone, the radiated soft gluon will generate a non-vanishing q ⊥ , and induce the large logarithms ln(Q 2 /⊥ resummation formalism.
The experimental signature of the t-channel single top event at the LHC is an energetic light jet, associatively produced with the single top quark, in the final state. As to be shown below, the location and height of the Sudakov peak, in the q ⊥ distribution of t-channel single top events, strongly depends on the color coherence effect, induced by soft gluon interaction between the initial and final state jets, and the treatment of bottom quark mass in the resummation calculation. The (formally) sub-leading logarithms play an important role when the final state jet is required to be in the forward region, where our resummation prediction is noticeably different from the Pythia parton shower result.
Resummation Formalism: We consider the process pp → t + jet + X at the LHC. Using the TMD resummation formalism presented in Ref. [14] , the differential cross section of the t-channel single top quark production process can be summarized as
where y t and y J are the rapidities for the top quark and the final state jet, respectively; P J⊥ and q ⊥ are the transverse momenta of the jet and the total transverse momentum of the top quark and the jet system, i.e. q ⊥ = P t⊥ + P J⊥ . The W ab→tJ term contains all order resummation contribution, in powers of ln(Q 2 /q 2 ⊥ ), and the inclusion of the Y ab→tJ term is to account for the missing (non-singular) part of fixed-order correction when expanding the W ab→tJ term to the same order in the strong coupling constant g s as the fixed order calculation. The variables x 1 , x 2 are momentum fractions of the incoming hadrons carried by the two incoming partons.
The above W term can be further written as
where [18] [19] [20] . In this study, we shall use CT14NNLO PDFs [21] for our numerical calculation. Hence, our resummation calculation should be consistently done in the General-MassVariable-Flavor (GMVR) scheme in which the PDFs are determined. The bottom quark PDF is set to zero when the factorization scale µ F is below the bottom quark mass m b . To properly describe the small q ⊥ region (for q ⊥ < m b ), the S-ACOT scheme [22] [23] [24] [25] is adopted to account for the effect from the (non-zero) mass of the incoming bottom quark in the hard scattering process qb → q t + X. In Refs. [26] [27] [28] , a detailed discussion has been given on how to implement the S-ACOT scheme in the q ⊥ resummation formalism, for processes initiated by bottom quark scattering. In short, the S-ACOT scheme retains massless quark in the calculation of the hard scattering amplitude (of qb → q t), but with the (bottom quark) mass dependent Wilson coefficient C
to account for the contribution from gluon splitting into a bb pair [26] [27] [28] . The hard and soft factors H and S are expressed as matrices in the color space of ab → tJ, and γ s is the associated anomalous dimension for the soft factor. The Sudakov form factor S Sud resums the leading double logarithm and the sub-leading logarithms, and is found to be
where R represents the cone size of the final state jet, m t is the top quark mass. Here, the parameters A, B, D 1 and D 2 can be expanded perturbatively in α s , which is g 2 s /(4π). At one-loop order,
with C F = 4/3. In our numerical calculation, we will also include the A (2) contribution since it is associated with the incoming parton distributions and universal for all processes initiated by the same incoming partons. The cone size R is introduced to regulate the collinear gluon radiation associated with the final state jet [12] [13] [14] [15] [16] [17] .
The soft gluon radiation can be factorized out based on the Eikonal approximation method. For each incom-ing or outgoing color particle, the soft gluon radiation is factorized into an associated gauge link along the particle momentum direction. The color correlation between the color particles in this process can be described by a group of orthogonal color bases. For the t-channel single top quark production, there are two orthogonal color configurations, which are
where i, j are color indices of the two incoming partons, k, l are color indices of the jet and the top quark in final states and a is color index of the gluon. We follow the procedure of Ref. [14] to calculate the soft factor. Its definition in such color basis can be written as
where we integrated out the azimuthal angle of the top quark and traded the relative azimuthal angle φ for the q ⊥ . I and J represent the color basis index, n andn represent the momentum directions of the top quark and the jet in this process, v andv are the momentum directions of the initial states. The anomalous dimension of the soft factor S IJ can be calculated at one-loop order and found to be
where,
Here
The hard factor H IJ contains the contribution from the jet function which is proportional to the leading order cross section. The jet function accounts for contribution originated from collinear gluon radiation, and is dependent on the jet algorithm used in the calculation. In this work, we apply the anti-k T jet algorithm, as discussed in Refs. [14, 29] . Phenomenology: Below, we present the numerical result of resummation calculation for the t-channel single top quark production at the √ S = 13 TeV LHC with CT14NNLO PDF [21] . Figure 1 shows the q ⊥ distribution from the asymptotic piece (blue dashed line), NLO calculation (red dotted line), resummation prediction (black solid line) and Y -term (orange dot-dashed line) for the top quark production. Here, the asymptotic piece is the fixed-order expansion of Eq. (1) up to the α s order, and is expected to agree with the NLO prediction as q ⊥ → 0. In the same figure, we also compare to the prediction from the parton shower event generator Pythia 8 [30] (green solid line), which was calculated at the leading order, with CT14LO PDF and α s (M Z ) = 0.118 at the Z-boson mass scale (91.118 GeV). For the fixed-order calculation, both the renormalization and factorization scales are fixed at H T ≡ m 2 t + P 2 J⊥ + P J⊥ . Similarly, in the resummation calculation, the canonical choice of the resummation (µ Res ) and renormalization (µ ren ) scales is taken to be H T in this study. The jet cone size is taken to be R = 0.4, using the anti-k T algorithm, and the Wolfenstein CKM matrix element parameterization is used in our numerical calculation [31] . We shall compare predictions for two different sets of kinematic cuts, with |y t | ≤ 3 and P J⊥ > 30 GeV, and |y J | ≤ 4.5 in (a), and 3 ≤ |y J | ≤ 4.5 in (b) of Fig. 1 , respectively. Some results of the comparison are in order. Clearly, the asymptotic piece and the fixed-order calculation results agree very well in the small q ⊥ (less than 1 GeV) region. As a further check, we calculated the NLO total cross section predicted by our resummation calculation. Specifically, we numerically integrated out the q ⊥ distribution predicted by our resummation calculation from 0 to 1 GeV, and summed it up with the integration of the perturbative piece (at the α s order) from 1 GeV up to the allowed kinematic region [32] . We found that the NLO total cross section predicted by our resummation framework and MCFM [33] calculations are in perfect agreement.
As shown in Fig. 1 , the NLO prediction is not reliable when the q ⊥ is small. The resummation calculation predicts a well behavior q ⊥ distribution in the small q ⊥ region since the large logarithms have been properly re- summed. In Fig 2(a) , we compare the predictions from our resummation calculation to Pythia by taking the ratio of their q ⊥ differential distributions shown in Fig. 1 . With the jet rapidity |y J | ≤ 4.5 (blue dashed line), this ratio does not vary strongly with q ⊥ . Hence, they predict almost the same shape in the q ⊥ distribution, while they predict different fiducial total cross sections because Pythia prediction includes only leading order matrix element and is calculated with CT14LO PDFs. However, if we require the final state jet to be in the forward rapidity region, with 3 ≤ |y J | ≤ 4.5 (red solid line), which is the so-called signal region of single top events, we find that Pythia prediction disagrees with our resummation calculation. Our resummation calculation predicts a smaller q ⊥ value when the final state jet is required to fall into the forward region. We have checked that the Pythia result is not sensitive to the effects from beam remnants. Furthermore, the Y -term contribution, from NLO, is negligible in this region, cf. Fig. 1(b) (orange dot-dashed line) . Hence, we conclude that their difference most likely comes from the treatment of multiple soft gluon radiation.
As shown in Eqs. (7)- (9), the effect of multiple gluon radiation, originated from soft gluons connecting the initial and final state gauge links, becomes more important when the final state jet is required to be in the forward region where the kinematic factor T ∼ ln −t s becomes large as |t| → 0. Consequently, the q ⊥ distribution peaks at a smaller value as compared to the case in which the final state jet does not go into the forward region. Next, we examine the effect of the incoming bottom quark mass to the q ⊥ distribution. As shown in Fig. 2(b) , a finite bottom quark mass, with m b = 4.75 GeV, shifts the peak of the q ⊥ distribution by about 3 ∼ 4 GeV as compared to massless case. (7)- (9), respectively. The red lines describe the results from Pythia prediction. The blue shaded region represents the scale uncertainties which are varied from HT /2 to 2HT .
As discussed above, the coherence effect of gluon radiation in the initial and final states becomes large when the final state jet falls into more forward (or backward) direction, with a larger absolute value of pseudorapidity. Furthermore, a different prediction in q ⊥ would lead to different prediction in the azimuthal angle between the final state jet and the top quark moving directions measured in the laboratory frame. Both of them suggest that we could use the well-known φ * distribution, for describing the precision Drell-Yan pair kinematical distributions [34] , to test the effect of multiple gluon radiation in the t-channel single top quark production. The advantage of studying the φ * distribution is that it only depends on the moving directions (not energies) of the final state jet and top quark. Hence, it might provide a more sensitive experimental observable when the final state jet falls into forward (or backward) direction. We follow its usual definition and define
where ∆φ is the azimuthal angle separation in radians between the jet and top quark. The angle θ * η is defined as
where η J and η t are the pseudorapidities of the jet and top quark, respectively. As shown in Fig. 3 , the predictions of Pythia and our resumamtion calculation differ in the small φ * region, especially for the final state jet falls into more forward (or backward) direction (Fig. 3(b) ), which can be caused by a large value of η J −η t . i.e., in the events with large rapidity gap. In such region, the subleading logarithm terms in the Sudakov factor are important in our resummation calculation. To illustrate this, we also compare to the prediction without the coherence factor T in Eqs. (7)-(9) (black line). It shows that factor T would change φ * distribution significantly.
In summary, we have presented a transverse momentum resummation calculation to precisely predict the kinematical distributions of the final state jet and top quark produced in the t-channel single top events at the LHC. We find that it is important to correctly take into account the color coherence effect, induced by soft gluons connecting the initial and final states, which becomes more significant when the final state jet falls into the more forward (or backward) region, where Pythia prediction differs the most from our resummation calculation. Motivated by this, we propose a new experimental observable φ * , similar the one used in analyzing the precision Drell-Yan data, to perform precision test of the SM in the production of the t-channel single top events at the LHC.
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